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ABSTRACT

In this paper we will present recent work on low
noise amplifiers developed for very high frequencies
above 100 GHz. These amplifiers were developed with a
unigue InP-based HEMT MMIC process. The amplifiers
have been developed for both cryogenic and room
temperature amplifier applications with state-of-art
performance demonstrated from 100 GHz to 215 GHz.

INTRODUCTION

The frequency range above 100 GHz is fertile for
next generation applications in telecommunications and
radars as well as the fields of radio astronomy, Earth
remote sensing, planetary exploration and millimeter-
wave imagers. Working at these higher frequencies
offers the advantages of broad available bandwidth,
reduced aperture and instrument size, and a higher
density of observable spectral lines. Advanced high
frequency MMIC technology is uniquely suited to circuit
fabrication above 100 GHz due to reduced parasitics
and interconnections. Recent demonstrations in MMIC
low noise amplifier and power amplifier technology
above 100 GHz have enabled a new generation of
instruments. In this paper we will discuss the
development and performance of several first of a kind
amplifiers for applications including microwave
atmospheric sounding and radio astronomy.

DEVICE AND PROCESS DESCRIPTION

The device performance necessary to achieve
usable gain and noise figure for low noise amplifiers
operating at frequencies between 100 to 200 GHz
requires very high device transconductance above 1000
mS/mm, cutoff frequencies above 200 GHz and
maximum oscillation frequencies above 400 GHz. To
achieve usable gain and sufficient MMIC design margin,
the device must exhibit a maximum available gain of 7-8
dB per stage up to 200 GHz. InGaAs/InAlAs/InP HEMTs
are the only three terminal devices that have
demonstrated performance at these levels[1-4].

In developing a MMIC process for this frequency
range, three significant process enhancements were
implemented on TRW's baseline 75 nm diameter 0.1 um
gate InP HEMT process[5-6]. The first is the growth and
design of pseudomorphic high indium composition
InGaAs channels. Cutoff frequencies of 300 GHz have
been achieved at the highest indium compositions
greater than 70%. The 2nd process enhancement was
the reduction of the gate length from 100 nm to 70 nm.
15-20% improvement in cutoff frequency and
transconductance was observed in the shorter gate
length devices compared to the baseline 100 nm devices

with similar gate finger yield. The third area is the
development of a 50 um thick substrate with very small
through substrate grounding via holes. This process
prevents substrate waveguide mode propagation and
allows for minimal device source inductance to maximize
device gain at high frequencies. TRW has established
this enhanced MMIC process with an eye towards future
production capability. Good MMIC yield and repeatability
for this process have already been demonstrated on
several wafer lots. The development of a robust InP
MMIC process has been a critical key to the first-pass
design success of the variety of MMIC amplifier designs
shown in this paper.

AMPLIFIER DESCRIPTION AND PERFORMANCE

Figure 1.

Photograph of a 3-stage single ended 112-118
GHz MMIC LNA

In order to establish amplifier performance and
optimize the designs, it is critical to obtain test data at
these high frequencies. A series of waveguide frequency
extenders for network analysis covering the range 50-
220 GHz has been developed for this effort. In addition,
wafer probes operating up to 220 GHz have been
employed to obtain s-parameter data. Noise
measurement capability has also been developed at
frequencies as high as 200 GHz, as well as solid-state
noise sources operating 180 GHz, which has enabled
the first meaningful on-wafer noise measurements in this
band. The data achieved from on-wafer measurements
has also been duplicated with fixtured amplifier
measurements.



Figure 2. Photograph of 3-stage single ended 165-190
GHz MMIC LNA

A series of amplifiers has been demonstrated in the
frequency range of 100 - 215 GHz. In the frequency
range 85-110 GHz, a CPW low noise design uses four
stages to achieve 20-25 dB gain and a module noise
performance of 3-4 dB. Under cryogenic operation these
amplifiers perform with 30-40K noise temperature (~0.5
dB NF). A three-stage microstrip amplifier covering the
frequency range 112-120 GHz has 15 dB gain with a
noise figure of 4-5 dB (Figure 1).
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FiguTe 3. Fixtured 165-195 GHz amplifier including a 3-stage
single ended MMIC LNA cascaded with a 4-stage balanced
LNA.

A three-stage microstrip  amplifier  design
demonstrated 14 dB gain and a noise figure of 7 dB from
165 GHz to 190 GHz (Figure 2). To demonstrate a
usable front-end amplifier, two MMIC amplifiers were
cascaded to achieve 20-25 dB gain from 170-190 GHz.
The first MMIC was the same as shown in Figure 3 (3-
stage single ended amplifier) and this was cascaded
with a 4-stage balanced amplifier. 7.5 dB noise figure
average was measured across the band for this
amplifier. All of these measurements were made flange
to flange. Special care was taken to minimize upfront
losses associated with the waveguide transition and
ribbon bond.

Figure 4. Photograph of 6-stage single-ended 160-215
GHz MMIC LNA
Figure 5. Measured vs. Modeled Gain Plot for the 160-215
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A 6-stage CPW design covering the frequency range
160-215 GHz has 15-27 dB gain with a measured
module noise figure of 8 dB at 170 GHz (Figure 4,5). A
measured 15 dB gain at 215 GHz is the highest
frequency gain amplifier demonstrated to date. Further
state-of-art amplifer demonstrations are shown in Table
1. The presentation will also include more detail on the
MMIC design and performance described in this paper,
the on-wafer testing techniques for MMIC screening and
the challenges in designing 100+ GHz MMICs and
modules (EM and modeling issues, techniques). We will
also present the latest state-of-art results as they are
available for dissemination at the time of the conference.

Freq. LNA Description Noise Gain

(GHz) Figure
100-110* |4-stage LNA (cooled to 20K)| 0.5dB  |20-22 dB
TT2-120% | 3-stage single ended LNA 39dB "[16-18dB
139-142 2-stage single ended LNA 3.8dB 8-10d
150-157 3-stage single ended LNA 3.1dB 9-12dB
165-190 3-stage single ended LNA 7.0dB |13-15dB
160-215 6-stage single ended LNA 80dB [13-27dB

Table |. TRW's state-of-art InP HEMT MMIC low noise

ampilifiers >100 GHz
CONCLUSION

In conclusion, we have described our development
of low noise amplifiers above 100 GHz using a 0.07 um
InP HEMT MMIC process on 50 um thinned InP
substrates. This process has been used to establish a
family of first-of-a-kind amplifiers that push the frontier in
future remote sensing and communication applications.
Much work remains in this area and they include



establishing a production worthy process, further device
enhancements, stabilization of device models, novel
design techniques, packaging challenges and improved
testing techniques at these high frequencies.
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Overview:

Millimeter-wave transistor amplifiers have many applications in NASA
programs:

* Astrophysics: (MAP, Sofia, Planck, FIRST, ARISE balloon CMB and
submillimeter etc. also ARISE, future CMB)

* Earth Observing Systems: Nadir sounding, limb sounding, thermal
imaging, cloud radars

* Planetary Atmospheres: water detection, thermal mapping
* Satellite Telecommunications: DSN etc

They are also finding a home in non-NASA applications:
Telecommunications, Radars, Thermal Imagers

Significant advances have occurred in low noise and power amplifier
technologies, which have enabled new missions

T.Gaier June 2000




Low Noise Amplifiers

Low Noise Amplifiers (LNAs) can be used as receiver front ends or
systems at operating frequencies as high as 240 GHz. Cryogenic

LNAs are competitive with other low noise technologies at frequencies
as high as 100 GHz. They play a critical role in IF amplification for SIS
heterodyne receivers, with insertion loss multiplying the amplifier
noise.

Figures of merit;

AT=KT Bt Decrease
AT is measurement uncertainty (noise) Ty k
T, is the receiver noise temperature
Sys
B is the receiver bandwidth :> Increase
< Is the integration (observation) time . p (for continuum obs.)

k is a constant (for gain stability or chop)

T.Gaier June 2000



JpL Working at High Frequencies

Start with a good transistor and a repeatable process....
Accurate device modeling

EM simulation

Accurate wafer probe data

Package design for low parasitics and mode suppression

Design and transistor iteration and improvement

T.Gaier June 2000




0.08 um InP HEMT Device and MMIC Development TRVV
« Enables amplifier MMIC performance above 100 GHz
« Enables first MMIC amplifiers at 180 GHz and above
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« 175 A 75% InGaAs channel HEMT
Excellent transconductance and pinchoff

No ‘short channel’ effect
Gmp ~ 1500 mS/mm @ 1V; fT > 230 GHz
Maximum Vds operation ~ 1.5V

Vd=1V;
Gmp ~1500 mS/mm
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2-finger 0.08 um x 30 um gate InP HEMT Model
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Millimeter-wave Network Analysis

Standard vector network analyzers from HP and Anritsu can be readily
adapted to high frequencies with external extenders.

The typical extender requires stimulus, reference and response capability

LD Source

T /chwmcmiC Mixer
A A
| AN o
Ret [F=———"<_ r1>\\<x@h] —— Ligrad I
] |
|
.
Signal Source Hx 6 - "‘J Test FPort

(from port switch) e

Extenders can be fabricated in waveguide bands through 220 GHz.
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90-140 GHz VNA Extender (OML)

Source

Test Port
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SPL

140 & 220 GHz Wafer Probes (GGB Industries)
,
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PL

170 GHz On-Wafer Noise Test Set

Noise source was a packaged
6-stage LNA with input term and
output attenuated; 15.4 dB ENR
at 170 GHz

Calibrated against hot/cold loads

Receiver was fixed frequency
170 GHz (5 GHz BW)

IF processor was HP8970

4-chip desighs measured

T.Gaier

June 2000




TRW 4-Stage CPW 80-115 GHz Amplifi

Design by S. Weinreb

* 80-115 GHz >17 dB gain
* NF~ 3-4 dB at room temp
* Record low noise at cryo temps:
»< 45 K from 85-105 GHz
-< 40 K from 96-104 GHz s

- 30 Knoise at 100 GHz =

* Yield:105 chips per wafer =

* Ultra-low power operation >

«20dBgainat1.4 mW =

* 15 dB gain at 0.54 mW

Excellent Gain and Phase

match (5 deg typ)

T.Gaier June 2000




3-stage single-ended 165-190 GHz LNA

i S ! s
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S0
200 GHz 6-Stag

Sy e s

e Low Noise Amplifier

s R s e

Noise Figure 8 dB @170 GHz
Integral waveguide probes
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Ref: S. Weinreb et al IEEE-MGWL 7/99
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PL

Repeatable Amplifiers are Easily Built
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JPL
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MMIC Module Repeatability

Gain of 19 W-Band LNAs
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